In the Set Once Strip Cover problem n wireless sensors are deployed over a one-dimensional region. Each sensor has a battery that drains in inverse proportion to a radius that can be set just once, but activated at any time. The problem is to find an assignment of radii and activation times that maximizes the length of time during which the entire region is covered. We show that this problem is NP-hard. We also show that the approximation ratio of RoundRobin, the algorithm in which the sensors take turns covering the entire region, is 3 2 in both Set Once Strip Cover and the more general Strip Cover problem, in which each radius may be set finitely-many times. Moreover, we show that the more general class of duty cycle algorithms, in which groups of sensors take turns covering the entire region, can do no better. Finally, we give an polynomial time algorithm that solves the related Set Radius Strip Cover problem, in which sensors must be activated immediately. 
BACKGROUND
Set Once Strip Cover (OnceSC) is defined as follows. Let [0, 1] be the interval that we wish to cover. Given is a vector x = (x1, . . . , xn) ∈ [0, 1] n of n sensor locations, and a corresponding vector b = (b1, . . . , bn) ∈ Q n + of battery * A detailed version of this paper can be found in [4] .
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Any schedule can be visualized by a space-time diagram in which each coverage assignment can be represented by a rectangle. It is customary in such diagrams to view the sensor locations as forming the horizontal axis, with time extending upwards vertically. In this case, the coverage of a sensor located at xi and assigned the radius ρi beginning at time τi is depicted by a rectangle with lower-left corner (xi − ρi, τi) and upper-right corner (xi + ρi, τi + bi/ρi). Let the set of all points contained in this rectangle be denoted as R(ρi, τi). A point (u, t) in space-time is covered by a schedule (ρ, τ ) if (u, t) ∈ S i R(ρi, τi). The lifetime of the network in a solution S = (ρ, τ ) is the maximum value T such that every point (u, t) ∈ [0, 1] × [0, T ] is covered. In OnceSC our goal is to find a schedule S that maximizes T . Depictions of two schedules are shown in Figure 1 .
Motivation. Scheduling problems of this ilk arise in many applications, particularly when the goal is barrier coverage (see [9, 22] for surveys, or [14] for motivation). Suppose that we have a highway, supply line, or fence in territory that is either hostile or difficult to navigate. While we want to monitor activity along this line, conditions on the ground make it impossible to systematically place wireless sensors at specific locations. However, it is feasible and inexpensive to deploy adjustable range sensors along this line by, say, dropping them from an airplane flying overhead (e.g. [8, 19, 21] ). Once deployed, the sensors send us their location via GPS, and we wish to send a single radius-time pair to each sensor as an assignment. Replacing the battery in any sensor is infeasible. How do we construct an assignment that will keep this vital supply line completely monitored for as long as possible?
Models. While the focus of this paper is the OnceSC problem, we touch upon three closely related problems. In each problem the location and battery of each sensor are fixed, and a solution can be viewed as a finite set of radius-time pairs. In OnceSC, both the radii and the activation times are variable, but can be set only once. In the more gen- ) and b = (2, 1, 1). The sensors are indicated by dots. Each of the rectangles represents the active coverage region for one sensor. The dashed arrow helps to clarify which sensor is active at a particular point in time.
eral Strip Cover problem, the radius and activation time of each sensor can be set finitely many times. On the other hand, if the radius of each sensor is fixed and given as part of the input, then we call the problem of assigning an activation time to each sensor so as to maximize network lifetime Set Time Strip Cover (TimeSC). Set Radius Strip Cover (RadSC) is another variant of OnceSC in which all of the sensors are scheduled to activate immediately, and the problem is to find the optimal radial assignment.
Related work. Strip Cover was first considered by BarNoy and Baumer [3] , who gave a 3 2 lower bound on the performance of RoundRobin, the algorithm in which the sensors take turns covering the entire region, but were only able to show a corresponding upper bound of 1.82. The similar Connected Range Assignment (CRA) problem, in which radii are assigned to points in the plane in order to obtain a connected disk graph, was studied by Chambers et al. [12] . They showed that the best one circle solution to CRA also yields a 3 2 -approximation guarantee, and in fact, the instance that produces their lower bound is simply a translation of the instance used in [3] .
The TimeSC problem, which is known as Restricted Strip Covering, was shown to be NP-hard by Buchsbaum et al., who also gave an O(log log n)-approximation algorithm [7] . Later, a constant factor approximation algorithm was discovered by Gibson and Varadarajan [13] .
Close variants of RadSC have been the subject of previous work. Whereas RadSC requires area coverage, Peleg and Lev-Tov [15] studied target coverage. In this problem the input is a set of n sensors and a finite set of m points on the line that are to be covered, and the goal is to find the radial assignments with the minimum sum of radii. They used dynamic programming to devise a polynomial time algorithm. Bar-Noy et al. [6] improved the running time to O(n + m).
The notion of duty cycling as a mean to maximize network lifetime was also considered in the literature of discrete geometry. In this context, maximizing the number of covers t serves as a proxy for maximizing the actual network lifetime. Pach [16] began the study of decomposability of multiple coverings. Pach and Tóth [17] showed that a t-fold cover of translates of a centrally-symmetric open convex polygon can be decomposed into Ω( √ t) covers. This was later improved to the optimal Ω(t) covers by Aloupis et al. [2] , while Gibson and Varadarajan [13] showed the same result without the centrally-symmetric restriction.
Motivated by prior invocations of duty cycling [20, 18, 1, 8, 10, 11] , Bar-Noy et al. [5] studied a duty cycle variant of OnceSC in which sensors must be grouped into shifts of size at most k that take turns covering [0, 1]. (RoundRobin is the only possible algorithm when k = 1.) For the unit batteries case they presented a polynomial-time algorithm for k = 2 and showed that the approximation ratio of this algorithm is 35 24 for k > 2. It was also shown that its approximation ratio is at least 15 11 , for k ≥ 4, and 6 5 , for k = 3. A fault-tolerance model, in which smaller shifts are more robust, was also proposed.
OUR RESULTS
We introduce the Set Once model that corresponds to the case where the scheduler does not have the ability to vary the sensor's radius once it has been activated.
We show that OnceSC is NP-hard using a reduction from Partition:
Given this hardness result we turn our attention to approximation algorithms. While RoundRobin is among the simplest possible algorithms (note that its running time is exactly n), the precise value of its approximation ratio is not obvious (although it is not hard to see that 2 is an upper bound). We show that the approximation ratio of RoundRobin is exactly 3 2 . This closes a gap between the best previously known lower and upper bounds ( -approximation algorithm for OnceSC.
The structure of the proof is as follows. We start with an optimal schedule S, and cut it into disjoint time intervals, or strips, such that the same set of sensors is active within each time interval. (See Figure 2. ) Each strip induces a RadSC instance Ij and a corresponding solution Sj. Next, we show that for any such instance Ij, there exists a unitbattery instance I ′ j with the same optimum lifetime. Finally, we prove a lower bound on the performance of RoundRobin on such unit battery instances. By combining these results, we prove that RR(x, b) ≥ -approximation algorithm for Strip Cover.
We show that, in the worst case, no duty cycle algorithm outperforms RoundRobin. More specifically, we show that the approximation ratio of any duty cycle algorithm is at least 3 2 . (The construction is given in Figure 1 .) Theorem 4. The approximation ratio of any duty cycle algorithm is at least 3 2 . Finally, we provide an algorithm that solves RadSC. Note that coverage overlaps may occur in both the horizontal and vertical directions in the optimal schedule, but only horizontally in a strip.
Theorem 5. There exists an O(n 2 log n)-time algorithm for solving RadSC. This is obtained by showing that the network lifetime is determined by two sensors that are the "weakest link" of the network. Since each sensor pair induces a candidate lifetime, the search can be limited to O(n 2 ) possible candidates.
DISCUSSION AND OPEN PROBLEMS
We show that RoundRobin, which is perhaps the simplest possible algorithm, has a tight approximation ratio of 3 2 for both OnceSC and Strip Cover. We also show that OnceSC is NP-hard, but it remains to be seen whether the same is true for Strip Cover. Future work may include finding algorithms with better approximation ratios for either problem. However, we have eliminated duty cycle algorithms as candidates. Observe that both OnceSC and TimeSC are NP-hard, while RadSC can be solved in polynomial time. This suggests that hardness comes from setting the activation times.
We have assumed that the battery charges dissipate in direct inverse proportion to the assigned sensing radius. It is natural to suppose that an exponent could factor into this relationship, so that, say, the radius drains in quadratic inverse proportion to the sensing radius (e.g. τ = b/ρ 2 ). One could expand the scope of the problem to higher dimensions. Before moving both the sensor locations and the region being covered to the plane, one might consider moving one but not the other. This yields two different problems: 1) covering the line with sensors located in the plane; and 2) covering a region of the plane with sensors located on a line.
